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Abstract
Evaluating Muskellunge (Esox masquinongy) Catch-and-Release Mortality at Elevated
Summer Water Temperature
Ian Taylor Booth
Angling for Muskellunge (Esox masquinongy) has become widespread and increasingly popular
throughout the fish’s range. Current management strategies for Muskellunge include high
minimum harvest lengths (>1016mm), closed seasons, and catch-and-release regulations. Due
to these strategies and angler sentiments, up to 97% of Muskellunge caught today are released
by anglers assuming they will live and be caught again in the future. Previous research on catchand-release mortality in Muskellunge has suggested relatively low mortality rates (0%-5%).
However, these studies were all conducted within the fish’s thermal optimum and generally at
water temperatures <25°C. Muskellunge populations routinely experience temperatures >25°C
during the summer months, representing a need to evaluate mortality rates at these elevated
temperatures. My objective was to quantify warm-water (>25°C) catch-and-release mortality
rates in Muskellunge (>760mm) and identify factors influencing mortality using experimental
ponds. Muskellunge (n=103) were stocked into eight earthen or plastic lined flow-through
ponds (0.06-0.71 ha) at densities of <16 fish/ha. Muskellunge (n=50) were angled utilizing
specialized Muskellunge fishing gear at water temperatures between 19.57°C and 32.64°C.
Thirty-two fish were caught at temperatures >25°C. Fish that remained uncaught during the
experiment were used as controls (n=53). Fish were closely monitored for 2 weeks after being
angled to assess mortality. Mortality was greater for angled (32.0%) compared to control fish
(9.4%). Differences in catch-and-release mortality was compared across a range of temperature
regimes using firth’s logistic regression. Five-day cumulative temperature and net time were
found to have a significant positive correlation with mortality. No significant correlations
between fight time, hooking location, size, or gender and mortality. Elevated catch-and-release
mortality rates at warm-water temperatures warrant investigations into the population level
effects that varying degrees of exploitation may have during these periods.
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Chapter 1: General Introduction
Catch-and-Release Angling
Recreational fishing is defined as the capture of fish for purposes other than primary protein
consumption or commercial sale (FAO 2012). The first accounts of recreational fishing can be
traced back to ancient Egyptian murals (dating to 4000 BC) from the tombs of nobles and elites,
which depicted the use of rod, hook, line, and bait (Pitcher and Hollingsworth 2002). Today,
recreational fishing is incredibly popular worldwide and available to people of all classes
(Arlinghaus and Cooke 2009). Many engage in this practice as a leisurely hobby while others
participate due to cultural significance (Arlinghaus et al. 2007). Its popularity has resulted in
many aquatic ecosystems to be predominately utilized and enjoyed by recreational anglers
(Arlinghaus et al. 2002; FAO 2012). Due to its pervasiveness, it is now considered a contributing
factor to the depletion of worldwide fish stocks alongside commercial fishing (Post et al. 2002:
Cooke and Cowx 2004).
Historically, recreational fishing was harvest-oriented and its contribution to declining fish
stocks was clear (Arlinghaus et al. 2007). However, present day anglers have adopted catchand-release (C&R) practices with up to 60% of fish caught in recreational fisheries being
released (Cooke and Cowx 2004). Rates of release vary between species and types of anglers;
subsistence fisherman can have rates as low as 0% and specialized species-specific anglers can
have rates as high as 100% (Arlinghaus et al. 2007).
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Specialized anglers are conservation oriented and more receptive to management tactics that
reduce harvest and promote trophy individuals (Bryan 1977; Chipman and Helfrich 1998; Quinn
1996). Muskellunge-specific anglers in Wisconsin (Margenau and Petchenik 2004), Bluegill
(Lepomis macrochirus) anglers in Illinois (Edison et al. 2004), Largemouth Bass (Micropterus
salmoides) anglers in Texas (Loomis and Holland 1997), and Catfish (Ictaluridae) anglers in
Tennessee (Stewart et al. 2012) were all found to be more supportive of size restrictive
management tactics than generalist anglers. Management tactics such as catch-and-release
only seasons, high minimum harvest length, and low creel limits all assume that released fish
will go on to survive with no measurable impact on fitness and ultimately caught again in the
future (Brousseau and Armstrong 1987; Wydoski 1977).
Catch-and-release management tactics can be effective in mitigating angling pressure on at-risk
fish species (Post et al. 2002), but C&R angling can still have negative effects on individual fish
and fish populations. Following catch and release, fish may experience physiological
consequences (Arlinghaus et al. 2009), barotrauma (Gravel and Cooke 2008), and physical injury
(Cooke et al. 2003) all of which can result in death. The severity of the response to angling can
be influenced by environmental variables (temperature, water chemistry, dissolved oxygen),
biotic factors (age, parasite/disease presence, body condition, predation), and angler
experience (gear type, handling time, air exposure; Twardek et al. 2018). Complications from an
angling event can result in increased susceptibility to disease, reduced fitness potential,
changes in feeding and movement, decreased response to predators, and ultimately survival
(Cooke et al. 2013). Catch-and-release angling can also have unintended consequences by
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exerting selective pressure on a species. Philip et al. (2009) demonstrated that vulnerability to
angling was a hereditary trait in Largemouth Bass (Micropterus salmoides) and that bold or
aggressive fish would get selected against reserved fish. Sass & Shaw (2020) observed that C&R
of Largemouth Bass led to increased abundance but reduced individual growth and maximum
growth potential. Catch-and-release angling and minimum harvest lengths result in larger
trophy individuals being kept at higher frequencies than small individuals which in turn
influences population structures by increasing the abundances of smaller fish (Isermann et al.
2005). An imbalance in the size structure of a population can result in reduced reproductive
potential and genetic diversity (Lewin et al. 2006).
Previous work suggests that best practice guidelines to minimize angling related stress includes
minimizing fight/handling times, air exposure, and to utilize species-specific gear
(Brownscombe et al. 2017). While there are general guidelines for C&R, due to differences in
morphology, habitat, and life-history traits across species there exists a need for species- and
case-specific evaluations of C&R practices (Cooke and Suski 2005). One of the main goals of
such research should be identifying the stressors associated with C&R angling and
understanding if and how those stressors interact to affect survival following release.

Physiological Response to Angling
Stress is a change in condition that challenges homeostasis (Barton and Iwama 1991). The
physiological changes an organism undergoes as it attempts to regain homeostasis when faced
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with environmental challenges is referred to as allostasis (Romero et al. 2009). If the severity of
the stressor is too great or the duration of the event prolonged, then the physiological response
of the fish may become maladaptive and detrimental to its health (Barton 2002). When a
potential threat is perceived by the central nervous system catecholamines are rapidly released
from the chromaffin tissue located in the anterior region of the kidney in teleostean fishes (Reid
et al. 1996; Barton, 2002). This is followed by stimulation of the hypothalamic-pituitaryinterrenal (HPI) axis resulting in release of corticotropin-releasing-hormone (CRH) at the
hypothalamus and ultimately triggering the release of adrenocorticotropic hormone (ACTH)
from the pituitary gland. ACTH circulating in the bloodstream signals interrenal cells in the
kidneys to synthesize and release corticosteroids (cortisol; Barton 2002). Increased levels of
cortisol in the blood help maintain high blood glucose concentrations through the breakdown
of glycogen into glucose caused by downregulation of glycogenic processes (Barton and Iwama
1991; Schreck and Tort 2016; Lawrence et al. 2017). This increase of glucose availability
provides fuel for the fish to meet increased energy demands following a stressful event (Portz
et al. 2006).
The physiological changes experienced by fish during C&R angling have been shown to closely
resemble the response seen in burst exercise of fishes (Donaldson et al. 2013). Energy demands
of the fish under exercise are often unable to be satisfied by aerobic respiration resulting in the
switch to anaerobic respiration. This metabolic process leads to the to build up of lactic acid in
the blood and muscle tissues, accompanied by the increase of stress hormones and production
of glucose (Wood 1991). Respiratory acidosis and increased lactate/proton concentrations

4

result in decreased blood pH levels (Cooke et al. 2015). Additional consequences of exhaustive
exercise are a large loss of water and ions at the gills (Wood 1991) and an increase in
hematocrit levels (Wendelaar Bonga 1997; Barton 2002). It is the goal of these physiological
responses to aid the fish in overcoming the stressor or threat.
While a fish may overcome a stress event, there can still be long-term negative effects
associated with growth, reproduction, behavior, and survival as a direct result of the
physiological processes brought on by the stress response (Wandelaar Bonga 1997; Barton
2002). For example, a maladaptive response to a stressor can inhibit the fish’s ability to allocate
resources throughout the body properly, resulting in impaired immune responses and defense
mechanisms, leaving the fish susceptible to disease, parasitism, or predation (Barton and
Iwama 1991; Campbell et al. 2010). The likelihood of long-term consequences increases if
exposure to stressors is prolonged (Arlinghaus et al 2007). Prolonged fight times can cause
blood acidosis (Wood 1983) and prolonged air exposure inhibits respiration inducing
hypercapnia. The effect of stress on that individual may also carry over to future generations.
Faught et al. (2020) coined the term “quaternary stress response” in which they describe how
repeated exposure to stress can result in long-term effects and reduce coping ability of that
fish’s progeny.
Environmental variables must also be considered when addressing the physiological
consequences of C&R angling. Because fish are ectotherms water temperature has direct
effects on metabolism, behavior, and physiology (Clarke and Johnston 1999). A severe increase
in temperature has been described as a stressor itself and can alter normal immune response
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and defense mechanisms (Samaras et al. 2018). Landsman et al. (2011) noted that blood lactate
and glucose levels were significantly higher for fish caught in warm (>21.5°C) compared to cool
water (<13.5°C) in Muskellunge (Esox masquinongy). Cortisol responses have also been well
documented for multiple species and shown to increase alongside temperature (Chadwick et al.
2015; Samaras et al. 2018).
Utilizing physiological tools for evaluating the biological consequences of stressors like C&R
angling has become increasingly popular and the focus of many fisheries studies (Cooke et al.
2013). Stoot et al. (2014), demonstrated how measurement of blood parameters like glucose
and lactate levels was easy to carry out in the field and validated the accuracy of measuring
devices. There are also non-invasive methods to measure levels of stress like reflexive
impairment indicators (Davis and Ottmar 2006) that require no special equipment and little
training to conduct. While these studies provide instantaneous results, it is difficult to measure
the long-term response of fish after a C&R angling event, especially in a field setting.

Previous C&R Studies
As stated earlier, recreational angling was historically harvest-oriented, but today many anglers
release their catches (Cowx 2002; Farrell et al. 2007; Shaw et al. 2019). This brought about the
need to investigate the effects C&R angling at the individual and population levels. Studies
focused on C&R angling have varied in their methodology with some utilizing pens to hold fish
for evaluation (Muoneke and Childress 1994), others capturing fish in field and transporting
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them to labs for observation (Beggs et al. 1980), and more recently the use of biotelemetry tags
for long-term tracking in the field post-release (Donaldson et al. 2008; Landsman et al. 2011).
The primary focus of the authors from previous C&R studies was on changes in physiology or
behavior post-event and identifying factors affecting mortality. Hooking location (Millard et al.
2003), time spent fighting the fish (Davie and Kopf 2006), and time spent handling and out of
water (Ferguson and Tufts 1992) were all found to be important factors in determining
mortality of C&R angling. Muoneke and Childress (1994) noted that C&R mortality rates varied
among species, and depending on capture methods and environmental conditions, mortality
can vary within species as well. Live bait fishing with a single hook can result in high rates of
delayed mortality (22% in 50 days, 83% in 1 year) in Muskellunge (Margenau 2007). However,
Strand (1986), Frohnauer et al. (2007), Landsman et al. (2011), and Hessenauer et al. (2021)
showed 0%-5% mortality for caught and released Muskellunge using specialized recreational
fishing gear.
Effect of temperature on C&R angling is well documented in many species. For example, Striped
Bass (Morone saxatilis) had mortality rates up to 67% in temperatures >16°C and as low as 2%
in 6°C water (Wilde et al. 2000). A positive relationship between mortality and water
temperature was also observed for salmonids in Montana streams, where mortality following
C&R was up to 16% in temperatures >23°C and 0% in temperatures <20°C (Boyd et al. 2010).
Gale et al. (2013) conducted a literature review and found that increased water temperatures
contributed significantly to levels of impairment and mortality following a C&R event. They also
noted that very few studies examined the effect of high temperatures in an ecologically
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meaningful context. In other words, few studies have been conducted at peak temperatures
experienced in each species’ respective habitats. Identifying species-specific cases where warm
water C&R fishing may have population level effects should be of high concern to managers
especially in the context of climate change. The few studies on Muskellunge C&R mortality
were mainly conducted in the northern extent of the fish’s range and at temperatures <25°C.
The southern extent of the Muskellunge’s range reaches as far south as North Carolina and
Tennesee where water temperatures routinely exceed 25°C in the summer months (Scott and
Crossman 1973; USGS 2021; NOAA 2021). Many Muskellunge anglers have adopted a practice
of not fishing when temperatures are >26.7°C (80°F), due to a popularized 2013 Muskies Inc.
article (Hayob 2013). The author, and other Muskellunge anglers, suggested the number of
floating, dead Muskellunge encountered was markedly higher when surface water
temperatures exceeded the 26.7°C (80°F) threshold.
Sutton and Ditton (2001) noted that use of C&R management strategies does not rely solely on
the target species, but also on the behavior and motivations of the anglers. Low harvest limits
and high minimum harvest length are utilized by managers across most of the Muskellunges
range and exist to promote trophy individuals and protect populations from overexploitation.
The anglers who target Muskellunge are also motivated to protect the resource and often
promote restrictive regulations. These tactics combined with angler ethics has resulted in most
of these fisheries being strictly C&R and make Muskellunge great subjects for C&R research.
Eslinger et al. (2017) and Rypel et al. (2016) noted that Muskellunge population size structure in
WI has improved, but there has been no significant increase in the number of trophy individuals
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since implementing C&R management tactics (Sass and Shaw 2020). This suggests C&R
management may not completely fulfill its goals and represents a need to identify factors that
could have population-level effects, such as seasonal differences in C&R mortality.
Muskellunge Biology
In North America, the Muskellunge is one of the most prized sport fish available to freshwater
anglers and angling for them has grown in popularity over the last decade (Richards et al. 2017).
It is the largest esocid, reaching lengths up to 1.5m, weights over 25kg, and ages upwards of 30
years (Casselman et al. 1999; Casselman 2007; Casselman and Crossman 1986). The large sizes
these fish can obtain make them powerful swimmers and is one of the primary reasons they are
sought after by anglers (Isermann et al. 2011). Their native distribution spans from Manitoba,
Canada east into the St. Lawrence drainages and as far south as North Carolina and Tennessee,
US (Crossman 1978). They have been introduced into states along the Atlantic coast and
throughout the central US due to their popularity among fisherman and potential economic
benefit (Crossman 1978).
Fossil evidence suggests that Muskellunge were once a riverine fish that adapted to lacustrine
environments due to the receding of the Laurentide ice sheet and formation of lakes (Crossman
1986). The receding of the glacier also resulted in the isolation of populations from one another
and over time various strains evolved with unique morphological and genetic characteristics
(Koppelman and Phillip 1986; Crossman 1986; Miller et al. 2017). The various strains are not
recognized as a distinct species or sub-species by taxonomists (Bailey et al. 1991). While widely
distributed, population estimates suggest they exist at low densities (<1 adult fish/ha; Jennings
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et al. 2010). This likely plays into their elusiveness to anglers and how they earned the title of
“Fish of 10,000 Casts”.
Age at sexual maturity for Muskellunge is between 3 and 6 years old. Spawning occurs in the
spring when water temperatures are 9°C – 15°C (Scott and Crossman 1973). Most fish move
upstream or associate with bays during this period (Younk et al. 1996). Males and females pair
off and broadcast spawn along the shallow littoral zones of lakes and rivers often over woody
debris, organic sediment, and aquatic vegetation (Dombeck 1979; Younk et al. 1996).
Waterbodies lacking invasive Pike species, with high quality spawning habitat, and little
anthropogenic disturbance offer the best chance for Muskellunge to achieve a self-sustaining
population (Dombeck et al. 1986; Rust et al. 2002). Scott and Crossman (1973) characterized
esocids as being unselective feeders with a wide variety of prey given it is the right size. Typical
prey found in Muskellunge stomachs is governed primarily on availability but can include Yellow
Perch (Perca flavescens), Sucker spp. (Catostomus spp.), crustaceans, and even small rodents
(Bozek et al. 1999).
Commercial fishing (Crossman, 1986) and the loss of spawning habitat (Dombeck 1979) led to
Muskellunge population declines in the early 1900’s. Additionally, creel and length limits were
minimally restrictive, and most Muskellunge caught by recreational anglers were harvested
(Crossman 1986). In the 1970s-1990s angler shifted from a harvest oriented to C&R approach,
realizing their overharvesting had negative effects on population structure, and today as many
as 99% of Muskellunge caught are released (Landsman 2008; Fayram 2003; Margenau and
Petchenik 2004; Kerr 2007 Richards et al. 2017). This increase in popularity and conservation-
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oriented angling resulted in a shift of management strategies to improve catch rates and size
structure. Which ultimately led to noticeable improvements in average sizes and abundances in
Muskellunge fisheries in the 1980s-present (Farrell et al. 2007; Simonson et al. 2017; Richards
2017; Kerr 2007).
Muskellunge angling has evolved into a highly specialized endeavor requiring unique fishing
equipment and handling techniques (Chipman and Helfrich 1988; Quinn 1996; Cooke and Suski
2005, Landsman et al. 2011). Large rods, heavy line, wire or fluorocarbon leaders, and large
nets are all utilized by experienced Muskellunge anglers (Landsman 2008) to minimize stress on
angled fish. It is the hope of these anglers that this fish will survive and provide additional
angling opportunities. These sentiments have led Muskellunge anglers to routinely lobby for
conservation-minded regulations. They also commit resources to conservation efforts alongside
state management agencies to improve the quality of Muskellunge fisheries (Margenau and
Petchenik 2004; Chipman and Helfrich 1988; Quinn 1996). Many fisheries management
agencies often focus on producing trophy-sized individuals utilizing high minimum lengths, low
daily harvest, and C&R regulations (Wingate 1986; Quinn 1996). Due to population
characteristics of the Muskellunge even a small increase in mortality and harvest can have
effects on abundance and size structure of these populations (Faust 2011; Gilbert and Sass
2016; Shaw et al. 2019). Therefore, research identifying factors influencing mortality is needed
to inform management agencies and angling groups (Arlinghaus et al. 2007).
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Research Objectives and Goals
The objective of this thesis is to quantify mortality of Muskellunge angled and released at
elevated water temperatures. Previous C&R research on Muskellunge has focused on
physiological consequences of angling at temperatures <25°C, (Scott and Crossman 1973;
Strand 1986; Landsman et al. 2011; Margenau 2007; Frohnaur et al. 2007) similar to the
realized thermal niche (mean ± 1 SD) of 22.3°C ± 1.8 of southern Muskellunge populations (Cole
and Bettoli 2014). Anecdotal observations from recreational anglers and fisheries professionals
indicate increased encounters with floating or dead Muskellunge when water temperatures
exceed 26.7°C (80°F) (Hayob 2013). Increases in C&R mortality corresponding to increasing
water temperatures have been well documented in many species (Wilde et al. 2000; Boyd et al.
2010). Information on this phenomenon is lacking for Muskellunge, so this study aims to fill that
knowledge gap by conducting C&R angling in a closed pond setting and observing the fate of
released fish over a period of 2-weeks and up to 4 months. I hypothesized that Muskellunge
C&R mortality rates at elevated temperatures will be greater than previous estimates of C&R
mortality for Muskellunge, which were based on angling at cooler temperatures.
To better understand the consequences of C&R angling I sought to identify factors contributing
to mortality following C&R events. Previous studies determined that prolonged air exposure,
fight time, and severe hooking injury increase the likelihood of C&R mortality (Muoneke and
Childress 1994; Barton and Iwama 1991; Arlinghaus et al. 2007; Bartholomew and Bohnsack
2005). Conducting the experiment in a closed setting provides a degree of control over the
conditions fish experience. More importantly it allowed us to closely monitor the fate of each
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fish and accurately measure the conditions (temperature, fight/handling time, size) associated
with each C&R event. Ultimately, researchers can use this information to model probability of
mortality and identify which factors are most important in determining the fate of C&R fish. I
expected temperature and handling times to be the most significant contributors to the
probability of mortality. I also tested the ability of reflex action mortality predictor (RAMP)
scores (Davis and Ottmar 2006) to predict C&R mortality as it is a quick and easy to conduct in
the field.
Finally, I will summarize my findings and evaluate the results while addressing current
management implications and identifying possible threats to Muskellunge populations. It is the
aim of this thesis to contribute to the overall understanding of Muskellunge biology, specifically
the effect that environmental and angling related stress can have on survival of released fish.
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Chapter 2: Evaluation of Muskellunge (Esox masquinongy) catch-and-release mortality at
elevated summer water temperatures
Abstract
Angling for Muskellunge (Esox masquinongy) has become widespread and increasingly popular
throughout the fish’s range. Current management strategies for Muskellunge include high
minimum harvest lengths (>1016mm), closed seasons, and catch-and-release regulations. Due
to these strategies and angler sentiments, up to 97% of Muskellunge caught today are released
by anglers assuming they will live and be caught again in the future. Previous research on catchand-release mortality in Muskellunge has suggested relatively low mortality rates (0%-5%).
However, these studies were all conducted within the fish’s thermal optimum and generally at
water temperatures <25°C. Muskellunge populations routinely experience temperatures >25°C
during the summer months, representing a need to evaluate mortality rates at these elevated
temperatures. My objective was to quantify warm-water (>25°C) catch-and-release mortality
rates in Muskellunge (>760mm) and identify factors influencing mortality using experimental
ponds. Muskellunge (n=103) were stocked into eight earthen or plastic lined flow-through
ponds (0.06-0.71 ha) at densities of <16 fish/ha. Muskellunge (n=50) were angled utilizing
specialized Muskellunge fishing gear at water temperatures between 19.57°C and 32.64°C.
Thirty-two fish were caught at temperatures >25°C. Fish that remained uncaught during the
experiment were used as controls (n=53). Fish were closely monitored for 2 weeks after being
angled to assess mortality. Mortality was greater for angled (32.0%) compared to control fish
(9.4%). Differences in catch-and-release mortality was compared across a range of temperature
regimes using firth’s logistic regression. Five-day cumulative temperature and net time were
found to have a significant positive correlation with mortality. No significant correlations
between fight time, hooking location, size, or gender and mortality. Elevated catch-and-release
mortality rates at warm-water temperatures warrant investigations into the population level
effects that varying degrees of exploitation may have during these periods.
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Introduction
Recreational angling has been defined as fishing for purposes other than commercial sale or as
a primary means of nutrition. It is practiced by millions across the globe and its contribution to
declining stocks of fish has been well documented (Cooke and Cowx 2004; Post et al. 2002; FAO
2012). Historically, recreational angling was harvest-oriented but today the practice has shifted
to become release-oriented with up to 60% of recreational caught fish being released (Cooke
and Cowx 2004) in the hopes of improving size structures and producing trophy individuals
(Arlinghaus et al. 2007; Quinn 1996). The motivations for participating in this practice can be
due to ethical concerns or because of restrictive regulations (Arlinghaus et al. 2007), but all
anglers assume that release will have no measurable negative impact on fitness and that fish
can be caught again in the future (Brousseau and Armstrong 1987; Wydoski 1977).
Historically, Muskellunge were treated as a nuisance species with anglers harvesting most fish
caught, thinking this predator was harming other fish populations (Crossman 1986). High
harvest rates persisted into the 1970’s (Richards et al. 2017). The combined effects of
recreational harvest, commercial fishing (Crossman 1986) and loss of spawning habitat in the
1900’s (Dombeck 1979) contributed to the decline of natural Muskellunge populations. Anglers
first began expressing concerns over high exploitation rates and its effects on populations of
Muskellunge in the 1940’s (Farrell et al. 2007). In the 1980s-1990s Muskellunge fisheries began
to improve due to the increasing popularity of conservation-oriented catch and release (C&R)
angling practices, introductions into new waters to create recreational fisheries, and a shift in
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management tactics designed to increase catch rates and improve size structure (Farrell et al
2007; Simonson et al. 2017; Richards et al. 2017). By 2010 most management agencies had
decreased bag limits and increased minimum size limits (Kerr 2011) resulting in increased
abundances and average size across the fish’s range (Kerr 2007; Casselman et al. 2017).
Muskellunge can reach lengths up to 1.5 m, weights up to 32 kg, and ages up to 30 years
(Casselman 2007). These fish also exist at relatively low densities (<1 adult fish/ha; Jennings et
al. 2010), contributing to them earning the title “Fish of 10,000 Casts”. Due to their large size
and elusiveness, the popularity of Muskellunge angling has increased substantially since C&R
was popularized in the 1980’s (Richards et al. 2017), with agencies reporting large increases in
the number of anglers specifically targeting Muskellunge (Simonson 2012; Meerbeek 2014;
Richards et al. 2017). Even with increased angler participation, Muskellunge harvest rates are
low and release rates are estimated to be above 97% (Fayram 2003; Margenaeu and Petchenik
2004; Kerr 2007; Landsman et al. 2011; Simonson 2012; Richards et al 2017). Because of the
Muskellunge’s life history characteristics (exist in low densities, and long-lived) and historical
exploitation, small increases in mortality rates can affect abundance and size structure (Faust
2011; Gilbert and Sass 2016; Shaw et al. 2019). Therefore, research identifying factors
influencing mortality and any possible population-level effects as a result, is of importance to
management agencies and angling groups (Arlinghaus et al. 2007). As the effects of climate
change become more apparent it is imperative to inform managers the possible threats that
increased water temperatures can have on aquatic ecosystems. The physiological
consequences of increasing temperature can be detrimental in ectotherms, like fish, especially
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under exhaustive stress such as C&R angling (Clarke and Johnston 1999). This has been well
documented in species like Striped Bass (Morone saxatilis) who exhibit high mortality rates (up
to 67%) in temperatures >16°C and as low as 2% mortality in 6°C water (Wilde et al. 2000).
Previous work has indicated low mortality (0%-5%) for Muskellunge angled and released when
utilizing artificial lures (Strand 1986; Frohnaur et al. 2007; Landsman et al. 2011; Hessenauer et
al. 2021), but higher mortality (22% in 50 days, 83% in 1 year; Margenau 2007) when using
single hooks and live baits. However, these studies were all conducted in the northern extent
of the fish’s range and in water temperatures near their thermal optimum (<25°C; Scott and
Crossman 1973) between 15°C and 26°C, with only one fish being caught in temperatures >25°C
(Strand 1986; Frohnaur et al. 2007; Margenau 2007; Huhn and Arlinghaus 2011; Landsman et
al. 2011). The southern extent of the Muskellunge’s distribution reaches as far as North
Caroline and Tennessee where water temperatures routinely exceed 25°C in the summer
months (Crossman 1978; USGS 2021; NOAA 2021). The lack of information on the effects of
C&R angling at temperatures >25°C represents a gap in the science that managers and anglers
are calling to be filled. Due to uncertainty on the topic many Muskellunge anglers have adopted
a practice to voluntarily cease angling when surface water temperatures exceed 26.67°C (80°F),
as popularized in a 2013 Muskies Inc. article (Hayob 2013) that noted increased frequency of
floating or dead Muskellunge when surface water temperatures exceeded this threshold.
Evaluating the effects (or lack thereof) of C&R angling at elevated temperatures is essential to
properly educate stakeholders and inform managers of potential threats to Muskellunge
populations.
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The effects of C&R angling on fish is influenced by biotic factors as well as angler experience
(Twardek et al. 2018). Prolonged air exposure, fight time, and severe hooking injury have been
demonstrated to be detrimental to fish health (Muoneke and Childress, 1994; Barton and
Iwama, 1991; Arlinghaus et al., 2007; Bartholomew and Bohnsack, 2005). Muskellunge angling
has become highly specialized, adopting unique fishing equipment and handling techniques to
mitigate the sub-lethal and lethal consequences of C&R (Gasbarino 1986; Chipman and Helfrich,
1988; Quinn, 1996; Cooke and Suski, 2005; Campbell et al. 2010). Large rods, heavy line, wire or
fluorocarbon leaders, and large nets are utilized by experienced Muskellunge anglers
(Landsman, 2008). Regardless of how prepared and careful an angler is, there is still a degree of
stress associated with angling. After being angled and released, Muskellunge may experience
disease susceptibility, reduced body condition, lower reproductive potential, lower fitness
potential, and even death (Suski et al. 2003; Arlinghaus et al. 2007; Suski et al. 2007; Klefoth et
al. 2008).
The negative effects of climate change, and increasing water temperatures, on fish populations
are already being realized today resulting in decreased abundances, extinction, and range
expansion of species (Free et al. 2019). Mosindy and Duffy (2007) demonstrated that most
Muskellunge catches and angling effort on Lake of the Woods, ON occurred during the months
of July and August when temperatures are at their highest. If this trend of increased catches
and effort during summer months is true throughout the Muskellunges range it could have
detrimental population level effects not previously documented. Thus, it becomes increasingly
important to provide ecologically relevant information on how fish and fisheries will react
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under elevated temperatures and increased levels of exploitation. The goals of this study were
to use experimental ponds to (1) quantify C&R mortality of Muskellunge at elevated summer
water temperatures, and (2) identify factors (environmental, biotic, handling) that influence
C&R mortality in Muskellunge. Information from this study can be used by stakeholders,
managers, and anglers to evaluate the effects of C&R angling on Muskellunge populations.
Methods
Study Sites
Angling took place in eight ponds spread across four cooperating hatchery facilities and one
state park during May through September of 2020 and 2021. Ponds were located at Palestine
State Fish Hatchery (Elizabeth, WV, 39.033526°, -81.399608°; n=2, 0.61 hectare), USGS Eastern
Ecological Science Center (Kearneysville, WV, 39.352805°, -77.935474°; n=1, 0.2 hectare), Table
Rock State Fish Hatchery (Morganton, NC, 35.845521°, -81.835617°; n=2, 0.06 hectare), Richard
Bong State Recreation Area (Kansasville, WI, 42.633283°, -88.130288°; n=1, 0.71 hectare), and
Buller Fish Hatchery (Marion, VA, 36.759570°, -81.539228°; n=1, 0.61 hectare). Maximum depth
in the ponds ranged from 1.5m to 4.6m. Mechanical aerators were utilized to maintain proper
D.O. levels (>4.15mg/L) and keep pond temperatures homogenized. Water temperature data
were collected onsite by HOBO MX2201 water temperature data loggers (Onset, Bourne, MA)
at 2 or more locations and depths in each pond. To maintain proper fish health and reduce
confounding environmental variables weekly water quality checks were conducted to ensure
ponds were at acceptable nitrate/nitrite (<40ppm/<2ppm), pH (6.7 – 8.0), dissolved oxygen
(>4.15mg/L), and chlorine (<0.1ppm) levels. Water quality data were collected using a YSI Pro
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10 Multiparameter meter (YSI, Yellow Springs, OH) and a Hach Surface Water Test Kit (Hach,
Loveland, CO). All ponds were plastic-lined or earthen bottom and had continuous flow of
freshwater throughout the duration of the experiment.
Fish Collection and Care
Adult Muskellunge (>760mm TL) were collected from wild populations in the vicinity of
hatchery locations in Maryland, North Carolina, Virginia, West Virginia, and Wisconsin. A total
of 103 fish were collected during March through June of 2020 (n=12) and 2021 (n=91) (Table 1).
Muskellunge were collected by cooperating state agencies through boat electrofishing and trap
netting, then held in live wells to maintain proper D.O. levels (>7mg/L) while being transported
to the ponds. Before being released into the ponds, fish were checked to see if they were
previously tagged with a passive integrated transponder (PIT) tag, and if not previously tagged
they were injected with a PIT tag (Biomark, Boise, ID) in the dorsal musculature or directly
behind the operculum depending on the discretion of state agencies. Muskellunge were then
measured (TL, mm; WW, kg) and sexed based on gamete expulsion or external morphology of
the urogenital region (LeBeau and Pageau 1989). Ponds were stocked on a regular basis with
locally collected forage fish (American Shad, Alosa sapidissima; Smallmouth Buffalo, Ictiobus
bubalus; Bluegill, Lepomis macrochirus; Green Sunfish, Lepomis cyanellus; Grass Carp,
Ctenopharyngodon Idella; Red Horse, Moxostoma spp.; Suckers, Castomidae spp.) or hatcheryreared Rainbow Trout (Onchorhynchus mykiss). Acclimation periods ranged from 2 weeks to 2
months before angling events were conducted. Upon conclusion of angling and observation
periods ponds were drained and remaining fish were identified, returned to their respective
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waterbodies, or kept as future broodstock by the hatchery. The only exception was for WI fish,
which were euthanized due to biosecurity concerns with housing individuals from multiple
waterbodies in the same pond.
Angling Gear
Because the overwhelming majority of Muskellunge are caught by Muskellunge anglers, only
specialized Muskellunge angling equipment was used in this study. Angling equipment
consisted of 2 meter or longer heavy action rods, large reels, main line braid and fluorocarbon
or wire leaders rated to ≥50lb test, and large artificial lures. I utilized common Muskellunge
lures up to 61cm (24”) long that possessed both single and treble hooks and ranged from 1-9
points per lure (Figure 1). All hooks used were barbed to increase catch rates and decrease the
chances of losing a fish during the event. No live bait was used for this study as it makes up a
small percentage of caught Muskellunge and results in higher rates of mortality than artificial
lures (Margenau and Petchenik 2004). Large-mesh knotless landing nets were utilized as they
have been shown to lower the incidence of injury and mortality when netting angled fish
(Barthel et al. 2003; Brownscombe et al. 2017; Lizée et al. 2018), and are the most common
type of net used by Muskellunge anglers. Anglers were fitted with head mounted action video
cameras that continuously recorded angling and handling procedures.
Angling Protocols
Fish were angled from the hatchery ponds by, or under the direct supervision of, experienced
Muskellunge anglers once surface temperatures exceeded 25°C (77°F). I aimed to angle half the
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fish in each pond, leaving the remainder to act as controls. Data on each angling event began
when the hook was set and concluded upon successful release back into the pond. Angling was
conducted in groups of two or more people to reduce handling times and stress on the fish.
Upon setting the hook, a timer was started, and fish were netted as quickly as possible, as is
typically done by Muskellunge anglers. Fight time (sec) was recorded as the time it took to reel
in the fish. This timer starts when the hook is set and ends once fish are captured in the net.
Once landed, fish were kept in the water for dehooking and processing. Hooking location(s)
were identified using Figure 2, and hooks were removed with long needle-nosed pliers. If
unhooking times exceeded two minutes, then hooks were cut below the barb with handheld
bolt-cutters. Fish are then scanned for their PIT tag and recorded for individual identification.
Net time (sec) was recorded as the time from initial landing until the fish was removed from the
net for the admiration period. Because Muskellunge are highly prized, many anglers hold them
out of water for pictures and admiration. To emulate this, fish were held out of water for 30
seconds in a horizontal orientation to simulate how an angler would take a picture or admire
their catch (Figure 3). Fish were immediately released back into ponds after the 30 second
admiration period.
Following release, reflex impairment (RAMP) was observed and given a total score ranging from
0-3 (Davis and Ottmar, 2006). I looked at three reflexes being: the ability to maintain
equilibrium, whether fish burst away, and whether fish descended from the surface after
release. Each individual reflex is given a score of either 0 or 1. A score of 0 indicates that the
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reflex was not present (i.e. fish unable to maintain equilibrium), while a score of 1 indicates the
reflex was present. The sum of these scores is the total RAMP score.
Angler effort for each trip was recorded and included number of participating anglers, start
time, end time, and number of fish caught. Ponds were then observed daily for a period of 2
weeks following C&R events to detect any laboring, floating, or dead Muskellunge. If a
Muskellunge perished within 2-weeks after its initial C&R it was considered to be a direct
consequence of angling. Fish that perished outside the 2-week window from initial C&R were
considered a result of natural mortality. In addition to checking the ponds daily after angling
events the ponds were checked regularly by the researchers and hatchery personnel for dead
Muskellunge throughout the duration of the study. When a dead fish was found, the day and
time of its discovery was recorded, and the body immediately recovered from the ponds for
processing. Dead fish were scanned for a PIT Tag to identify the fish and its angling history
(angled or control). Total length and weight were also measured if the body had not decayed or
been preyed upon. Post-mortem necropsies were then conducted to confirm gender, analyze
stomach contents, and observe any internal lesions or abnormalities.
Statistical Analyses
Fisher’s exact test was used to determine if C&R mortality differed from control mortality,
levels of significance were assessed at α ≤ 0.05 (Fisher 1922). I utilized R, through R Studio (R
Core Team 2021; R Version 4.0.3; RStudio Team Version 1.2.5033) to fit Firth logistic regression
models using package “brglm2” (Kosmidis 2021). Firth regression allows us to reduce the bias
resulting from small sample size, rare occurrence of events (mortality), and cases of separation
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(Firth, 1993). I estimated the probability of mortality for Muskellunge that were caught and
released as a function of water temperature, fight time, net time, length, and hooking location.
I created all possible combinations of candidate models given they made ecological sense and
variables passed checks of multicollinearity (VIF < 2). RAMP score’s ability to predict mortality
was assessed independently from the candidate models using firths regression. I also used
firths regression to estimate the probability of catching a fish as a function of water
temperature. Linear regression was used to describe the relationship between angler catch-perunit-effort (CPUE) and temperature using package “stats” (R Core Team 2021).
Temperature was treated as a continuous variable in my models. Due to one of the ponds being
deep enough to develop a thermocline (WI, 4.6m, diff. µ = 4.85°C) the average of surface and
bottom temperature readings for each pond was used during analyses. Catch-and-release (C&R)
studies have generally used the average daily temperature or temperature at time of catch
when assessing mortality rate. I believe that the temperatures before and after a C&R event
also influence the fate of released fish. Thus, I created multiple temperature treatments to
evaluate this hypothesis. Temperature was examined based on average daily temperature,
temperature at time of catch, five-day cumulative total, four-day cumulative total, post-threeday cumulative, pre-three-day cumulative, post-four-day cumulative, and pre-four-day
cumulative totals. Temperature regimes were used to individually create candidate models with
only one regime being used per model in combination with other predictor variables.
Fight time was recorded as the number of seconds from hookset by the angler and concluded
when a fish was landed. Net time began when a fish was landed and concluded after processing
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was completed and the fish was removed from the net. Time out of water was standardized for
this experiment at 30 seconds to closely mimic what fish experience in the wild as most anglers
hold caught fish for some admiration period. Air exposure effect on fish physiology has been
well documented (Barton and Iwama 1991; Muoneke and Childress 1994; Bartholomew and
Bohnsack 2005; Arlinghaus et al. 2007) and was not included when building candidate models
but remains part of the handling process to provide the most relevant data. Total length (mm)
was treated as a continuous predictor variable, and used in lieu of weight or age, because it is
generally the basis of most C&R regulations, provides the most relevant information to
stakeholders, and reduces redundancy during model selection. To increase statistical power, by
reducing degrees of freedom, hooking locations (Figure 2) were pooled based on the more
general anatomical location of the hook(s): mouth, gills, esophagus, and tongue. Because there
are multiple points per lure, fish were often hooked in multiple locations. In these instances,
the primary hooking location was used in analyses. Primary hooking location was denoted as
the “weight-bearing” location, or the location in which most force was exerted on the fish when
reeling in.
Because fish were collected from multiple populations and housed in separate ponds, I initially
considered a categorical variable for pond location to be included with all candidate models.
However, a logistic regression model using individual ponds (e.g. WV pond 5, WV pond 6, NC
pond 16, NC pond 17, etc.) to predict probability of mortality indicated that mortality did not
differ among ponds. Additionally, pond models did not perform better than a null (intercept
only) model. Lacking any significant pond effect on response variables, I pooled data across all

25

ponds for subsequent analyses. Candidate models were constructed that assume mortality
response is a function of additive and interactive relationships between the predictor variables.
I included up to three levels of interaction within my candidate models.
Bayesian Information Criterion (BIC) was used to select the most likely model among the
candidate models describing how the relationship between temperature, angling duration, size,
and hooking location affects mortality probabilities for caught-and-released Muskellunge
(Schwarz 1978). Top models were chosen based on lowest BIC score and highest model weight,
I also calculated ΔBIC and Schwarz weights. I assumed that variables in the top models
represent the strongest influence on the mortality response. Odds of mortality in the top model
was computed using the probabilities and variable coefficients from our most likely regression
model as chosen by BIC. Odds were calculated using the equation.

Where β0, β1, etc. are the predictor variable coefficients. Odds-ratios (OR) of predictor variables
were calculated using the equation.

95% confidence intervals for predictor variable coefficients were calculated using the equation.

𝑒 (β ± 1.96 ∗ SE)

26

Results
Angling and Collection
During 2020 and 2021, 103 Muskellunge (50:37 M:F and 16 unknown) were collected by boat
electrofishing or trap netting. Total length (mm) of fish averaged (±SD) 961.6 mm ± 90.2 and
ranged from 761mm to 1208 (Figure 4). Wet weight (kg) of fish averaged 6.4kg ± 2.3 and ranged
from 3.06kg to 15.0kg. During the summer months 50 Muskellunge were caught-and-released.
Average daily water temperatures in the ponds while angling was being conducted ranged from
19.57°C to 32.64°C (Figure 5). All ponds (besides the deepest pond in WI) maintained average
surface and bottom differentials of <1°C and lacked significant thermal refuge. The WI pond
was 4.6m deep and held thermal refuge throughout the summer with a mean surface and
bottom differential of 4.85°C. The average pond temperature for angled fish was 26.17°C ± 3.4
(range 19.57-31.15°C). Thirty fish (60%) were caught at temperatures ≥25°C. Mean fight time
(+SD for angled fish was 48.5 sec ± 63 (range 8-394 sec) and mean net time was 142.6 sec ± 59
(range 43-360 sec). All the ponds maintained safe levels of nitrate/nitrite (<40ppm/<2ppm), pH
(6.7 – 8.0), dissolved oxygen (>4.15mg/L), and chlorine (<0.1ppm) throughout the duration fish
were being housed.
Mortality
The total mortality rate of all Muskellunge was 20.4% (n=21 deaths), and ranged from 8.3% at
Table Rock Hatchery, NC to 25% at Palestine State Fish Hatchery, WV. Mortality rates from C&R
angling ranged from 14.3% (WI, n=1) to 42.9% (WV, n=12), and overall C&R mortality for the
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experiment was 32% (n=16). For fish caught-and-released at temperatures ≥25°C, mortality was
43.3% (n=13). In contrast, when capture temperatures were 19-25oC C&R mortality was 15%
(n=3). Control fish (n=53) mortality was 9.4% (n=5). The proportion of fish that died after C&R
was significantly greater than the proportion of control fish that died (Fisher’s; p=0.006). Of the
control deaths, 80% occurred in one pond in 2021 (WI, n=4) with the other during the 2020
season in WV. Five fish were captured two or more times throughout the study, recapture
events all occurred outside the 2-week observation period from initial capture but were not
included in analyses.
Modelling of Factors Influencing Mortality
The top ten models based on the BIC analysis are provided in Table 2. The most likely model
indicated that mortality was a function of the additive relationship between Five-day
cumulative temperature and net time. When all else is held constant every 1°C increase in Five
Day temperature increases odds of mortality by 10% (95% CI [1.03, 1.18]). With all else held
constant every 1 second increase in net time increases odds of mortality by 1% (95% CI [1.00,
1.03]; Table 3).
Hooking Location and RAMP Scores
Firth regression using RAMP scores to predict probability of mortality revealed that a score of 3
(all reflexes present) was associated with survival (OR 0.06, 95% CI [0.01-0.52]). However,
RAMP score of 1 and 2 (loss of some reflexes) were not accurate predictors of survival or
mortality as the 95% CI of their OR’s overlapped significantly with 1 (OR 1.67, 95% CI [0.49,
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5.65]; OR 0.44, 95% CI [0.10-2.03; respectively]. Using firths regression, I found no significant
association between hooking location (lips, n=44; gills, n=3; tongue n =3) and odds of mortality.
OR and 95% CI of each hooking location overlapped significantly with 1. No fish were hooked in
the esophagus.
Catch-Per-Unit-Effort (CPUE)
During 78 trips, totaling 525.4 h, 47 Muskellunge were caught for a total CPUE of 0.09 fish/hr.
CPUE for the WV ponds was lowest at 0.07 fish/h and highest in the WI pond at 0.28 fish/h
(Table 4). When temperatures were <26.67°C (80°F) anglers caught n=23 fish and had a CPUE of
0.23 fish/h. The chances of catching a fish were almost four times greater at temperatures
<26.67°C (80°F) than trips conducted at warmer temperatures (CPUE = 0.06 fish/h, n=24 fish;
Table 4). This trend of reduced CPUE at temperatures >26.67°C (80°F) was observed across all
ponds where catches above this threshold occurred. Firths regression provides moderate
evidence that probability of catching a Muskellunge decreases as water temperatures increased
(OR 0.85, 95% CI [0.72, 1.01], Figure 7). A simple linear regression was calculated to predict
angler CPUE based on average daily water temperature and a significant negative relationship
was found (F(1, 76) = 4.81, p = 0.018, Adj. R2 = 0.05, Figure 7)
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Discussion
I utilized hatchery ponds as mesocosms to monitor post catch and release mortality of
Muskellunge for up to 4 months. I noted total mortality rates of 20.4% and C&R mortality rates
of 32% in stark contrast to previous studies that ranged from 0-5% C&R mortality (Frohnauer et
al. 2007; Landsman et al. 2011; Strand 1986; Hessenauer et al. 2021). Some portion of C&R fish
(n=50) were likely to have perished due to natural causes regardless of being caught. If we
apply the control mortality (9.4%) to our C&R group then the adjusted C&R mortality would
then be 22%, still markedly higher than previous reports (Strand 1986; Frohnauer et al. 2007;
Landsman et al. 2011; Hessenauer et al. 2021). I expected this as previous studies were
conducted at less than 25°C and at similar temperatures to the Muskellunges realized thermal
niche (22.3°C ± 1.8; Cole and Bettoli 2014), and warm water has been demonstrated to increase
the stress response up to death in angled fish (Wilde et al 2000; Arlinghaus et al. 2007; Boyd et
al. 2010; Landsman et al. 2011; Gale et al. 2013). These studies were conducted in the field
where thermal refuge is likely, resulting in fish having significantly colder water to recover in
than the recorded surface temperatures. The ponds in the present study were shallow (max
depth 1.5m-4.6m) and had continuous flow resulting in average surface and bottom differences
<1°C (except WI where temp. differential µ = 4.85°C). The results suggest water bodies with
significant thermal refugia would experience lower summer C&R mortality than my ponds. The
West Virginia ponds experienced the highest C&R mortality (42.9%), lowest CPUE (0.15 fish/h in
2021 and 0.03 fish/h in 2020), and highest water temperatures. While the Wisconsin pond
exhibited the lowest C&R mortality (14.3%), highest CPUE (0.28 fish/h) and developed a distinct
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thermocline (Figure 5). These results align with a concurrent C&R study on Stonewall Jackson
Lake, WV (thermally stratified) where mortality rates were low (12%) and exploitation rates
were high (33% of tagged fish) despite high surface water temperatures comparable to what
was experienced in the ponds (Jenkins 2022). Additionally, C&R research on the James River
had low catch rates and high mortality rates (33%), even though fish had access to thermal
refuge (creek mouths) the temperatures experienced were still >25°C (Bauerlien 2022).
Suggesting that Muskellunge that have access to thermal refugia (<25°C) are more susceptible
to angling, but less likely to die, than fish caught in systems with no refuge or where refuge
exceeds 25°C. Thus, managers should treat their respective Muskellunge waters on a case-bycase basis and consider the habitat and environmental characteristics when implementing
management decisions.
The combination of C&R angling and management has resulted in significant increases in
abundances and size structures of Muskellunge populations (Casselman et al. 2017; Simonson
2017). However, this is not true across all Muskellunge waters, and some have not seen a
significant increase in trophy potential despite increased participation in C&R angling (Gilbert
and Sass 2016). Trophy potential is likely decreased by density-dependent constraints
(competition, prey abundance), continued stocking, and stringent C&R regulations (Gilbert and
Sass 2016). As one of the goals to C&R management is producing trophy individuals, fully
understanding the consequences of the practice are paramount to ensuring future success of
the fishery. Brousseau and Armstrong (1987) noted that C&R mortality must be low for
regulations to be effective and produce desirable results for the fishery. I demonstrated
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extreme variation in rates of C&R mortality with increasing temperatures for Muskellunge. This
could pose serious threats in the southern range of the fish (Tennessee, Kentucky, West
Virginia) or in waters that warm significantly above 26.67°C. Perhaps confirming the caution put
forth by Hayob (2013) and other anglers who cease fishing at temperatures >26.67°C (80°F) as I
found C&R mortality rates of 50% above this threshold (Figure 8). I discovered that mortality is
strongly associated with the five-day cumulative total temperature (Figure 9). Suggesting that
the temperatures fish experience prior to and after the angling event can affect probability of
mortality. Which agrees with Muoneke and Childress (1994) who found that most post-angling
mortality occurs in less than 48 hours. This fact can greatly aid conservation-oriented anglers in
determining when Muskellunge C&R mortality may limit their conservation goals. These results
suggest a short spike in water temperature is less likely to effect C&R mortality when compared
to catches when high water temperatures are sustained for multiple days. I encourage future
studies to validate my results and to continue research on the possible consequences to
Muskellunge populations this poses.
Previous C&R studies have focused on angling (fight) time as a significant stressor while few
have reported effects of time spent in the net (Barton and Iwama 1991; Muoneke and Childress
1994; Bartholomew and Bohnsack 2005; Arlinghaus et al. 2007). At some extremes fight time
must affect survival of Muskellunge, however my models suggests that fight time was a poor
predictor of mortality, while net time was strongly correlated with mortality. Suggesting the
specialized gear used to angle these fish may indeed reduce stress associated with angling
duration. Minimizing both angling time and net time remain a best practice and recommended
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for C&R angling (Brownscombe et al. 2017). Gasbarino (1986) suggested that Muskellunge
captured by non-specialized anglers (inexperienced, ill-equipped) may exhibit higher levels of
mortality due to the fish’s large size, power, and rows of teeth. Experienced Muskellunge
anglers possess large nets, fish gloves and long needle-nosed pliers to aid them in safely landing
and unhooking the fish. Without these tools handling (net) times and angling duration can be
extended to a potentially dangerous level. Generalist non-specialized anglers are often without
these items as many sportfish inhabiting the same waters as Muskellunge are easy to land and
unhook by hand. Therefore, utilizing the extreme observations of net time in the model may
offer sufficient proxy to the C&R mortality rates associated with non-specialized anglers. When
temperature was held constant mortality rates of fish kept in nets for 60 seconds was 11.1%;
increasing to 35.9% at 180 seconds (3min) and reaching 71.5% when net times were 300
seconds (5min; Figure 9). Increased mortality rates for fish held in nets longer may be due to
the suppression of fish’s ability to move water across the gills by restricting movement of the
operculum. The likelihood a fish may injure itself and cause lesions increases with time,
especially if the fish thrashes about during unhooking. Additionally, water temperatures are
highest at the surface where handling and processing of fish occurs.
Because identifying hooking location and scoring reflex impairment (RAMP) can be done quickly
and in the field, it is important to identify whether these variables can be accurate predictors of
mortality. Reflex impairment has been shown to be significantly related to mortality in several
commercial fish species (Davis and Ottmar 2006). My study was unable to accurately predict
mortality with the loss of reflexes. There is moderate evidence that survival increases with
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RAMP score (presence of reflexes). Only one fish that had a RAMP score of 3 (all reflexes
present) perished after being released. There were no cases of fish exhibiting zero reflexes post
release, indicating fish may not have been exhausted to extremes. This may be the reason I
could not relate RAMP scores and mortality. Future studies evaluating the predictive power of
RAMP scores should aim to standardize the reflexes used when assessing impairment and
validate their applicability. Recreational anglers and professionals can benefit from having a
reliable and rapid measure of fish condition that is easy to conduct and requires no special
tools. Anglers can use RAMP scores to quickly assess whether a fish may be better suited for
harvest than release due to lack of reflexes present and low odds of survival for those fish.
Additionally, anglers can keep diaries to report CPUE data, biotic and abiotic factors, RAMP
scores, and recapture data if fish are equipped with external/PIT tags for use in fisheries
independent surveys.
I did not find any significant relationships between hooking locations and mortality most likely
due to very few fish being hooked in the gills (n=3), tongue (n=3), or esophagus (n=0). My
results are most applicable to fish hooked in the non-vital areas of the mouth. More studies
should be conducted that aim to understand the effects unfavorable hooking locations have on
post-release mortality in Muskellunge.
I understand that implementing species- and season-specific regulations can be problematic or
infeasible, especially on a case-by-case basis. While some members of the specialized
Muskellunge angler community cease fishing at temperatures >26.67°C (80°F) that sentiment is
not practiced by all anglers. Generalist anglers, harvest-oriented anglers, and other specialized
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angler groups like Largemouth Bass (Micropterus salmoides) fisherman are less likely to adhere
to these rules due to little concern over C&R mortality with their target species (Kerns et al.
2016). Therefore, educating anglers who utilize Muskellunge fisheries about the increased rates
of mortality associated with high temperatures (>26.67°C) and encouraging them to carry
unhooking equipment should be of high priority. This can keep specialized anglers in line with
their conservation goals and non-specialized anglers prepared to properly handle these fish
ultimately mitigating the factors influencing C&R mortality.
As apex predators, Muskellunge are ecologically important to aquatic systems and rising
popularity has also bolstered their economic importance (Mooradian and Shepherd 1973;
Richards et al. 2017). Because of Muskellunge unique life history characteristics (exist in low
densities, long-lived) and historical exploitation, even a small increase in natural mortality and
harvest rates can have effects on abundance and size structures of these populations (Faust
2011; Gilbert and Sass 2016; Shaw et al. 2019). I observed extreme variations in C&R mortality
rates of Muskellunge at elevated temperatures that could counteract the goals of C&R
management strategies and negatively impact populations. However, these high rates of
mortality (32%) were accompanied by a relatively low CPUE (0.09 fish/h) suggesting that the
potential dangers of warm water angling may be offset by low catchability. Volkoff and
Ronnestad (2020) noted feeding activity decreases when fish are thermally stressed. These
increased rates of C&R mortality during warm water periods may suggest that most of the
annual mortality of Muskellunge occurs in the summer months during periods of extended
thermal stress. I implore managers to consider the unique characteristics (available refugia, # of
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high degree days, temp./D.O. profiles, levels of exploitation) of each waterbody under their
supervision to assess any potential summer C&R regulation needs for Muskellunge.
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Tables
Table 1. Names and locations of hatchery sites, collection sites, and coordinates where fish were
captured for use in the Muskellunge mortality study. A total of n=103 fish from 2020-2021 were
included in analyses. Fish were housed with individuals from their own states across eight ponds
and sourced from 12 waterbodies.

Hatchery site
Palestine State Fish Hatchery
Elizabeth, WV
USGS EESC Kearneysville, WV
Richard Bong State Recreation
Area Kansasville, WI
Table Rock State Fish Hatchery
Morganton, NC
Buller Fish Hatchery Marion, VA

Collection site

Lat/long

East Lynn Lake, WV
Stonecoal Reservoir, WV
North Bend Lake, WV
Monongahela River, WV
Potomac River, MD
Lake Waubesa, WI
Wisconsin River, WI
Twin Valley Lake
Peewaukee Lake
New River, NC
Lake Rhodiss, NC
New River, VA

38.108894°, -82.353145°
38.979718°, -80.360653°
39.222909°, -81.083614°
39.622507°, -79.967214°
39.515613°, -77.862987°
43.013583°, -89.317683°
43.308380°, -89.725994°
43.026785°, -90.086010°
43.067136°, -88.308609°
36.461084°, -81.335328°
35.781681°, -81.485165°
37.083519°, 80.578670°
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No.
fish
18
13
11
10
6
5
6
5
5
9
3
12

Table 2. Bayesian Information Criterion (BIC) table for the top 10 Firth logistic regression models
fitted to predict probability of catch-and-release Mortality from my predictor variables
(temperature, fight time, net time, length, sex) gathered from n=50 C&R events between 20202021. Results include number of predictor variables (K), BIC Score (BIC), Δ BIC, and individual
model weight (BIC wt.).
Model

K

BIC

Δ BIC

BIC wt.

Mortality ~ Five Day Cum. + Net Time
Mortality ~ Three Day Cum. + Net Time
Mortality ~ Four Day Cum. + Net Time
Mortality ~ Two Day Cum. + Net Time
Mortality ~ Avg Daily Temp. + Net Time
Mortality ~ Three Day Cum.
Mortality ~ Five Day Cum.
Mortality ~ Avg. Daily Temp
Mortality ~ Four Day Cum.

3
3
3
3
3
2
2
2
2

57.90
58.03
58.48
58.72
59.06
59.84
59.90
60.06
60.50

0.00
0.13
0.57
0.82
1.16
1.94
1.99
2.16
2.60

0.10
0.10
0.08
0.07
0.06
0.04
0.04
0.04
0.03

Mortality ~ Two Day Cum. Temp.

2

60.82

2.92

0.02
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Table 3. Summary of most likely model (Mortality ~ Five-day cumulative temperature + net time)
from n=50 C&R events between 2020-2021. Results include odds-ratio estimates and 95%
confidence intervals (CI). A one °C increase in five-day cumulative temperature is associated with a 10%
increase in odds of mortality when net time is held constant. A one second increase in net time is
associated with a 1% increase in odds of mortality when temperature is held constant.

Prob. of mortality
Predictors

Odds-ratios

95% CI

(Intercept)

0.00

0.00 - 0.01

Five-day temp.

1.10

1.03 - 1.18

Net time

1.01

1.00 - 1.03

Observations

50
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Table 4. Catch-per-unit-effort (CPUE) data from n=78 trips and over n=525.38 hrs collected from
2020-2021 during the Muskellunge C&R mortality study. Total CPUE estimates are given
alongside data from each pond location and split into trips that occurred at temperatures
above/below 26.67°C.
Temperature
Pond

All

<26.67 °C

>26.67 °C

All

0.09

0.23

0.06

WV

0.07

0.30

0.05

MD

0.12

n/a

0.12

WI

0.28

0.28

n/a

NC

0.14

0.14

n/a

Hours

525.38

101.38

424.00

Obs.
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23

24
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Figures

Figure 1. Example of some of the artificial lures used to catch Muskellunge. Lure lengths ranged
from 50.8mm– 508mm and possessed up to 3 treble hooks.
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Figure 2. Anatomical grid of an esocid mouth used to identify the hooking location of Muskellunge
during catch-and-release angling events. Locations were combined into 4 groups (mouth,
tongue, gill, esophagus) for analyses.
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Figure 3. Ian Booth holding a Muskellunge in a horizontal position simulating handling by an
angler for a photograph. Caught from the Palestine Fish Hatchery ponds in West Virginia.
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Figure 4. The length frequency distribution of individual Muskellunge used for the pond study
across all states (n=103, min = 761 mm, max = 1208 mm, µ = 962 mm).
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Figure 5. Average daily temperature during acclimation and angling periods of all ponds utilized
for the Muskellunge mortality study. MD = Maryland pond 7, NC 16 = North Carolina pond 16,
NC 17 = North Carolina pond 17, VA = Virginia pond 9, WV 5 = West Virginia pond 5, WV 6 = West
Virginia pond 6, WV P = West Virginia pilot (2020) pond, WI S = Wisconsin surface temp., and WI
B = Wisconsin bottom temp.
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Figure 6. Box-and-Whisker plots showing the significant differences in average daily temp. (Top)
and five-day cum. temp. (Bottom) between caught-and-released fish that survived and fish that
died (n=50).
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Avg. daily temp. (Celsius)

Avg. daily temp. (Celsius)

Figure 7. Fitted model utilizing Firths Logistic Regression (top) and linear regression model
(bottom) showing the significant effects avg. daily temperature (°C) has on probability of catching
a fish and angler CPUE. Data collected from n=78 trips conducted in 2020 and 2021 for the
Muskellunge C&R mortality study. Shaded regions represent ±95% CI.
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Figure 8. Scatter plot showing the date and avg. daily temperature for n=50 Muskellunge caught
in 2020 and 2021. Light circles represent fish that survived post release and dark circles represent
fish that died. The solid black line represents 26.67°C (80°F) at which many Muskellunge anglers
cease fishing.
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Five-day cum. temp. (°C)

Net time (sec)

Figure 9. Fitted model utilizing Firths Logistic Regression showing the effects that five-day
cumulative temperature has on probability of mortality when net time is held constant (Top) and
the effects of Net Time when Four Day Temp is held constant (Bottom). Shaded regions represent
±95% CI.
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Chapter 3: General Discussion
The goal of this thesis was to quantify C&R mortality of Muskellunge at elevated water
temperatures and identify factors influencing mortality. In Chapter 2 I sought to answer this
question by relocating wild Muskellunge into hatchery mesocosms and observing the long-term
consequences associated with C&R angling. Previous studies conducted in the field found 0-5%
mortality (Frohnauer et al. 2007; Landsman et al. 2011; Strand 1986, Hessenauer et al. 2021)
but failed to address the influence of elevated (>25°C) water temperatures. As exploitation
levels increase, because of increasing popularity and effort targeting Muskellunge (Simonson
2012; Meerbeek 2014; Richards et al. 2017), I felt the need to re-evaluate C&R mortality at
elevated temperatures (>25°C). Especially with the threats of climate change being realized and
likely increases in total effort and catches of Muskellunge in the summer when temperatures
are highest (Mosindy and Duffy 2007). I submit that there is drastic seasonal variation of C&R
mortality (0%-32%) as seen in species like Striped Bass and Steelhead (Wilde et al. 2000; Boyd
et al 2010).
I also addressed the need to identify biotic, environmental, and angler related factors
influencing C&R mortality (Chapter 2). Current best practices for anglers recommend
minimizing air exposure and angling duration to avoid excessive exhaustive stress (Cooke and
Suski 2005; Brownscombe et al. 2017), while the effect of net time has yet to be explored. The
use of landing nets can result in significant external lesions or injury, due to complications with
unhooking while fish thrash (Barthel et al. 2003; Colotelo and Cooke 2011). The effects of
prolonged net times on Muskellunge fitness and survival post-release is poorly understood. I
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submit that best C&R practices should also recommend minimizing net time as I noted a strong
correlation with mortality rates in Muskellunge. This study represents the only account of
elevated Muskellunge C&R mortality associated with increased temperature and handling
times.
Implication and Future Research
Previous studies have suggested that the effect of C&R fishing on Muskellunge may be
negligible due to low associated mortality (Landsman et al. 2011). While that may be true when
water temperatures are moderate, I challenge that assumption for the southern extent
(Tennessee, Kentucky, West Virginia) of the Muskellunge range, in waters that exceed 25°C, and
lack thermal refuge. Specialized Muskellunge anglers have undertaken considerable efforts in
mitigating their impacts on Muskellunge. I implore that best C&R practices of recreational
anglers and managers imposing C&R regulations, or minimum size limits take into consideration
the elevated mortality rates I observed at temperatures > 25oC. Additionally, I encourage all
recreational anglers, in waters that Muskellunge occupy, to carry basic un-hooking gear with
them (needle nosed pliers, large net, fish gloves). This will aid them in reducing mortality
associated with increased handling (net) times observed in this study. I recommend that best
C&R practices for Muskellunge be adopted to include minimizing net times, alongside angling
and air exposure.
The results of this study necessitate the need for future research on the physiological
consequences of C&R angling that result in death. Studies demonstrating the increase in stress
hormones in Muskellunge have been conducted (Landsman et al. 2011) but failed to relate
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them to mortality as no fish perished in the study. Long-term observation in a pond like
environment such as the one used in this study may offer opportunity to monitor the
physiological consequences over long periods. Additionally, I look forward to future research
elucidating the effects of angler related stressors on C&R mortality rates. I demonstrated that
net time is a significant predictor of mortality where previous studies had shown no significant
differences in handling treatments (Landsman et al. 2011). While I did have extended angling
times (6 min 34 sec), there were few observations at these extremes with mean fight times at
47.7 sec ± 63. Fish may not have been fought to a point of excessive exhaustion due to the
specialized gear used (large rods, reel, heavy line). I suggest that more research be conducted
to evaluate the effects prolonged fight times may have on Muskellunge and how that could
influence populations.
As stated before, any increase in natural mortality or harvest can be detrimental to
Muskellunge size structure and populations (Faust 2011; Gilbert and Sass 2016; Shaw et al.
2019). My findings are relevant given the increasingly popularity, and hence exploitation, of
Muskellunge; and in the context of increasing water temperatures due to climate change. Thus,
it remains imperative to continue researching species-specific interactions with C&R angling
and identify any biotic, environmental or angler related factors influencing mortality.
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